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Abstract 
A description is given of a one-dimensional steady-state model of a 
high-pressure steam turbine, a low-pressure steam turbine, a moisture 
separator, a reheater, a condenser, feedwater heaters and feedwater 
pump for a nuclear power plant. The model is contained in the program 
"TURBPLANT". The dynamic part of this model is presented in part II 
of this report. 
This report was written in partial fulfilment of the requirements for ob 
taining the lie. techn. (Ph. D.) degree. 
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1. INTRODUCTION 
Much effort has been devoted to making mathematical models of the 
reactor part of a nuclear powe- plant, whereas only little attention has been 
paid to the other components such as the turbine, moisture separator, re-
heater, condenser and feedwater heaters. One of the reasons for this 
omission could be that these plant parts were known from conventional oil -
or coal-fired power plants. A further reason could be that, in relation to 
safety aspects, the reactor part i s the most important. Nevertheless, in 
nuclear power plants the turbine operates with steam at a much lower tem-
perature and greater water content than in conventional plants, for which 
reason it is not possible to simply apply the results from conventional 
turbines. In addition, experience has shown that many of the shut-downs 
of nuclear power plants are due to problems with turbines and other more 
conventional parts. 
The steady-state model described in this report consists of a high-
pressure steam turbine, a low-pressure steam turbine, a combined moist-
ure separator and reheater, a condenser, feedwater heaters and feedwater 
pump. The turbines are handled one-dimensionally and an energy equation, 
a continuing equation, and a moment equation for steam flow are set up for 
every nozzle row and blade row. For the other components, only a con-
tinuity equation and an energy equation are needed to obtain a steady -state 
solution. The most important constraint on the model is the assumption of 
homogeneous flow through the turbines, which means that water drops and 
steam have equal velocities. A further limitation is that it can only handle 
axial turbines, not radial turbines. 
Some parameter studies are presented, e .g. the influence of the con-
denser pressure on power production, the influence of the pressure loss 
between the high-pressure and low-prsssure turbines, the choice of the 
optimal number of feedwater heaters, and the great increase in efficiency 
when some steam is extract from the turbine for district heating purposes. 
The model was tested against results from the Obrigheim nuclear 
power plant and seems to give reasonable results. 
2. THE Tl'-RBINE MODEL 
A turbine consists of a cascade of stages each comprising a nozzle row 
and a blade row. The steam enter« the nozzle row of the first stage at a 
rather high pressure and through area changes from nozzle inlet to outlet 
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the kinetic energy of the steam is increased. Thus, on entering the blade 
row, the steam in the first part of the blade row may have its kinetic energy 
further increased by area changes before giving up most of its kinetic energy 
to the blades and entering the next nozzle row. This expansion continues 
through all the stages. 
2 .1 . One-Dimensional Theory for a Turbine Stage 
At the top of fij.2.1 a i s shown a turbine stage with blade and nozzle, 
and below the corresponding velocity diagram. 0-1 is the nozzle row and 
1 -2 the blade row. 1 i s the nozzle height at inlet, 1. the nozzle height at 
outlet, and 1„ the blade height at outlet. D , D. and D , are the corre-
sponding average diameters, and «* angle velocity of the blades. 
Throughout the present report, steam velocity refers to the velocity of 
the mixing of steam and water in accordance to the assumption of homogen-
ous flow mentioned earlier. 
In the velocity diagram c is the absolute steam velocity at nozzle inlet, 
and a the angle between this velocity and the tangential velocity of the 
blades. In the following index I means quantities calculated at blade inlet, 
c. is absolute steam velocity, u. tangential velocity of blade, and w. the 
steam velocity calculated in a system of coordinates where the blades are 
at rest. All these velocities are calculated at blade inlet and average over 
the blade high 1.. a. is the angle between c. and u. and p\ the angle 
between u. and w. . 
In the same way with index 2 referring to blade outlet, c 2 i s the ab-
solute steam velocity, u„ the tangential velocity of the blade, and w„ the 
relative steam velocity; all velocities average over the blade outlet height 
1,. o , is the angle between c„ and u2 , and p„ the angle between u« and w„. 
The velocities u. and u„ are determined from the geometrical per-
formance of the turbine together with the number of revolutions per second 
of the rotor. The angles o. and (J, a r e a**° fixed by the geometrical per-
formance of the turbine. The angles a«, P\ and velocities c . , w. , c« 
and w, are, on the other hand, dependent on the load of the turbine. 
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Fif. 2 .1 .« . Nozzle row and blade row for a turbine stage with correspoadinc 
velocity diagram. 
For an adiabatic expansion through the turbine stage the energy equation 
for the nozzle becomes 
h1 + = h + 
where h is the specific enthalpy at nozzle inlet and h. the specific enthalpy 
at outlet. 
The energy equation for the blade becomes 
w 2 wt 
h2 + "T B h1 * T + 4-
where L_ is the work done per mass unit by the centrifugal force and the 
Coriolis force. The Coriolis force is perpendicular to the relative velocities, 
w. and w„, and thus the work done is zero, whereas the centrifugal force 
does the work 
J r w r dt , 
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where U-tj i s the time it takes for a steam mass unit to move through the 
blade, and w the radial component of the relative steam velocity. Since 
w dt • dr, h-, becomes 
r„ 2 2 2 2 
2 , 2 2 r 2 * r1 U2 " U1 Lj, = » j rdr = w y 
r1 
and the energy equation becomes 
2 2 2 2 
2 W2 w l u2 U1 
h + - r . = h 1 + ^ r + T - - 1 -
The continuity equation for m a s s applied to the c ross sections, 0, 1 
and 2 in fig. 2 . 1 . a gives 
m 
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m 
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where m is the s team mass flow ra te , and v , v. and v» the specific 
volume at c ross section 0, 1 and 2. 
The work delivered to the blades by the steam can be expressed as 
c 2 c 2 
1^ * (hQ • f) - (h2 + 4 ) 
H, » W - 4 + w 2 " w f + u f " u2> 
L-J = Uj Cj cos a. - u 2 c 2 c o s a 2 
where Ly i s the work per mass unit. 
The last equation i s Euler's moment equation. 
In an enthalpy-entropy diagram, or Mollier diagram, the expansion 
through the nozzle and blade becomes. 
—s 
Pig. 2.1. b. Mollier diagram for a turbine stage. 
where PQ ) Pi ) Po a r e lines for constant p r e s su re . 
If the expansion was ideal i t would follow the line 0-0 ' , but losses 
mostly due to friction cause the expansion to follow the linie 0-1 - 2 . 
2. 2. Calculation of Losses 
The nozzle efficiency can now be defined as 
2 
"1 
i> = 
Ah-g + 
and the blade efficiency as 
w. 
2
 A 2 T 
W, -r « 2 - U, 
2 
* » . • 
where the is en tropic enthalpy drops Ah* and Ah" a r e shown on fig. 2.1 , b . 
The quantities IJ' and i)" can be expressed as 
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n' - t - Vr, -I' V7 - f M 
and 
k
 P * R M 
where ( p expresses the losses due to friction on the walls, l R expresses 
the losses caused by boundary effects, especially turbulence at inlet and 
outlet of nozzle and blade, and l~ expresses losses chiefly due to the 
geometrical performance of the turbine, e.g. the gland leakage illustrated 
in fig. 2. 2. a. Finally, ( . . expresses the losses caused by water droplet 
formation. 
Fig. 2. 2. a. Illustration of gland leakage for a turbine stage. 
All these losses depend on the load of the stage through the velocities 
o' 1 w w 2 and the angles a , a . , p . , p„, and finally the steam 
qualities x1 and x„ at nozzle outlet and blade outlet. The dependence of 
these quantities can, for the nozzle losses , be expressed as 
c 2 
+ Z(o - a ) ( — ) 
* o oo' x c. ' 
fP R(v«,) 
R *I%o^? ''Rc 
- I I -
r i = r i 
K
 Z * Z, 
M F(y.) 
1 - Xj . 
Here £' , Vu and V7 are the loss values at nominal conditions 
*o K o ^o 
and a the nozzle inlet angle at nominal conditions. The functions 
oo ^ 
Z(a -a ), R(a . a,) and F(y,) shown in fig. 2. 2.b, are taken from ref. I, 
o oo o i ** j « •» 
They are implemented in the model and should represent large modern 
turbine stages. 
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Fig. 2.2. b. Low function« Z(o0 - a ^ ) , R<o0, a,) and F(y,) during partial 
load condition«. 
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In the same way the blade losses can be expressed a s 
o 2 
* " P RIP, . P2) 
r i i _ *r l c
 r i i 
* R " * V R(^!o.ø2) * R0 
r n _ r i i 
Z
 zo 
* " M - F(y2) 
y 2 ' " X2 * 
wher» C',-, . t " D and t " _ a re the loss values at nominal conditions P o R o Z o 
and S the blade inlet angle at nominal conditions. 
I he loss \M due to wet steam i s a very important factor for nuclear 
turbines. In conventional turbines I
 M has only lit t le effect. 
2 . 3 . Determination of a Steady-State Solution for a Single Stage 
All the character is t ic parameters describing a normal turbine stage 
have now been presented and a one-dimensional s teady-state solution can 
be found. The calculation s t a r t s at blade outlet and proceeds upstream to 
nozzle inlet. 
Figure 2 , 3 . a shows a flow chart for the blade calculation. The mass 
flow ra te m, relative velocity w„, and enthalpy h„ and entropy a r e assumed 
known from nozzle inlet conditions for the stage downstream of that con-
sidered, u , , u„, o, and 8„ a re parameters determined by the geometrical 
performance of the stage, and thus also known. 
When initially guessing the values of 1' and w . , the isentropic enthalpy 
drop A h" , and the rea l enthalpy drop Ah", together with h ( B h2 + Ah", 
can be calculated. 
The Mollier diagram then gives the p re s su re at inlet p, and the 
specific volume at inlet v. through a se r i e s of i terat ions. F i r s t s} i s 
determined by means of the Gibbs' function g(p) • h - Ts , which is only 
a function of the p re s su re . With p 2 , T 2 and h 2 g • h, - * h " g known. 
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&2„ s s . can be found. We have now determined the blade inlet conditions 
in the Mollier diagram ( s . , h.) ; what remains is to determine p. and v. 
to continue the calculation. This must be done by iteration of Gibbs• function; 
with s. fixed, h is calculated for different values of p until h * h . . This 
iteration procedure is carried out by alternating secant and bisection method; 
then v. can be determined by solving the following two equations with two 
unknowns 
v, = vf(p,) + x ^ v ^ ) - v^p,)) 
s, = s f(p t) + x, (Sgtp,) - s^p,)) 
where v . , the specific volume, and x . , the quality, both at blade inlet, are 
the unknowns. 
v. and v are the specific volume of fluid phase, respectively gas 
phase at saturation pressure p . . 
s . and s are the specific entropy of fluid phase, respectively gas 
phase at saturation pressure p . . 
g(p)» vt. v „ ' sf anc* sa a r e m n c t i ° n s °f t n e saturation pressure only; 
they are implemented in the model as eight order polynomials with saturation 
pressure as the independent variable. 
If the expansion takes place above the saturation line in the Mollier 
diagram, which is the case for the first stages of the low-pressure turbine 
in a reheat plant, only the gas phase is present and the determination of p. 
and v. proceeds differently. The Gibbs' function is now dependent on both 
pressure and temperature for known values of entropy and enthalpy. The 
isentropic enthalpy condition at blade outlet can again be calculated as 
h„ = h. - Ah" = h„ + Ah" - Ah" , but iteration is necessary in order to 
determine s. = s - . In tne model the enthalpy over the saturation line as 
function of pressure and entropy h = h(p, s) is represented as fifth order 
polynomials in p and s. Thus, with p„ fixed, s can vary until h • h„ 
and h2 g * h 2 s (p 2 , s 2 g ) . 
Now, s. and h. are determined and what remains is to determine v. 
and p . . In the same way, iterating h(p, s.) by varying p with s. fixed, 
until h(p, Sj) * h. , determines p . , and finally v. can be calculated from 
v. (p., s ,) , which is represented in the model as fifth order polynomials in 
p. and s . . 
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Proceeding with fig. 2. 3. a, w. and p. can be determined and finally 
n"(x., p 1 , w., w„) through the equations on page t 2 . This procedure i s 
continued until two successive calculations give the same value of i)"» 
respectively w. . 
In fig. 2. 3. b is shown tiie analogous calculation procedure for the 
nozzle. Initially guessing c and ij' and knowing c. from the blade 
calculation, one may calculate the enthalpy drops Ah' and Ah' and h -
h- + Ah'. Through the same iterations as earlier mentioned s , p , x 
and v are determined, thus c and a can be calculated, and finally o * o o * J 
n'(x a , c , c . ) . This procedure is again repeated until two successive 
calculations give the same value of IJ', respectively c . 
The velocities c , u , w and the angle p correspond to c , . Ug. w„ 
and p9 for the next stage upstream. 
- 15 
KNOWN QUANTITIES 
w2 .m, o , , h2 .82 ,Uj, u 2 
I 
GUESS FORw ) ti |' 
I 
"»"s 
Ah" 
*1 
w 2 w 2 - u 2 + u 2 
.
 W 2 W l U1 U2 
" W ' 2 
2 2 2 2 
w2 w, - u^ + u 2 
- Y- - j . — 
= h 2 + tw> 
I 
Xj.Sj.pj.v, FROM MOLUER 
DIAGRAM 
I 
"1 ~ * • D. • 1. a inc. 
rf(n) * C 1 2 + u!2 - 2 * , V ° 8 o l 
aina, 
P, • o, + ARSIN(u, - j—L) 
*» (n) " 1 I * ) ' Pi- w|> w2> 
I 
I YES 
CONTINUE WITH 
NOZZLE UPSTREAM 
w1{„) " * i l i » 
AND NO 
Fig, 2.3, a. Flow chart for the blade calculation. 
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3. SOME SPECIAL PROBLEMS CHARACTERISTIC 
OF STEAM TURBINES FOR NUCLEAR POWER PLANTS 
The high water content in the majority of the turbine stages for nuclear 
power plants leads to many problems. Erosion of the blades in the last 
stages of both the high-pressure and the low-pressure turbines is one of 
the worst, and has resulted in the development of special stages with 
moisture traps. Spontaneous condensation i s another problem occurring 
in power plants with reheating when the expansion crosses the saturation 
line. Finally, jet deflection, which occurs when the velocity of the steam-
water mixing exceeds the sound velocity, leads to some problems. 
3 .1 . Stage With Moisture Trap 
In the last stages of the high-pressure turbine and the low-pressure 
turbine, the steam is very wet leading to large mechanical losses caused 
by the erosion of blade and nozzle. Therefore, it is often useful to con-
struct these last stages with internal moisture traps. Because these traps 
also lead to some aerodynamic losses, they are only used in some of the 
last stages. 
An example of one of these moisture traps is shown in fig. 3 . 1 . a. 
Fig. 3 . 1 . a. Moiaturt trap at blade OTM 
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The traps are small drain rooms usually placed at the blade inlet. In 
the Mollier diagram they cause the expansion to follow the line ABB'C1 in 
fig. 3. l . b . Without the moisture trap at BB', the expansion would follow 
the line ABC. 
•>1 
^^**°*s 
* ' 1.0 
* * o * 
^ * ' « f 
•> * 
Fig. 3. J. b. Mollier diagram illustrating the effect of moisture trap«. 
The moisture trap thus causes a higher steam quality at the entrance to 
stage B, which means smaller mechanical losses . In the model a param-
eter is used to account for the length of the line BB'. This parameter is 
zero without any moisture trap, and 1.0 if all the moisture i s trapped, 
which means that B' is placed on the saturation line. The value of this 
parameter is very difficult to determine, and it must be found experimen-
tally. The drain from these moisture trap i s led to the nearest feedwater 
heater extraction downstrem. 
3. 2. Determination of Spontaneous Condensation 
Figure 3.2. a shows the expansion in a turbine starting in the super-
saturated area of the Mollier diagram and proceeding into the saturated 
area where both water and steam are present. 
- 19 -
h 
*- s 
Fig. 3. 2. a. Mol li er diagram showing the expansion crossing the saturation 
line. 
The expansion s t a r t s at 1 where only steam is present. It continues 
over 2 to 3. If there was thermal equilibrium, steam condensation would 
s ta r t at 2 and increase during the expansion to 3, and here there would be 
a two-phase flow of steam and water. However, experiments have shown 
that there exists a metastable expansion at a great distance below the 
saturation curve, where only steam is present. The expansion simply 
continues below the saturation curve as though it was still supersaturated. 
Because the curves for constant p re s su re at supersaturated conditions a r e 
above the curves for constant p ressure at saturated conditions, the s team 
is said to be undercooled. 
This metastable expansion is due to the lack of condensing kernels when 
crossing the saturation curve. The problem is to find where this spon-
taneous condensation takes place. 
Reference 1 gives a theory describing this phenomenon. The deter-
mining quantities a re the expansion velocity P defined as 
* • - * # . 
where p i s the p ressure and some lines in the Mollier diagram, called 
Wilson lines, see fig. 3. 2,b, These lines a re ascribed different values of 
P . If they a re crossed by the ascribed expansion velocity, spontaneous 
condensation will take place. 
- 20 -
— » 
Fig. 3. 2. b. Mollier diagram with Wilson lines. 
One-dimensional P can be expressed as 
* £ £ • - ?«.«»'*• 
where c (z) is the overall velocity of the steam. If c (z) and y£ are known 
for every stage, the centre of the spontaneous condensation can be deter-
mined from fig. 3 .2. c. 
KONDENSATION 
Fif. 3.2. c. Determination of condensation point. 
- 21 -
In the model c (z) i s assumed to vary linearly between the values at 
inlet and outlet of respectively nozzle and blade, and -|£ is assumed to be 
constant over each row. The condensation front i s assumed to be per-
pendicular to the velocity c. before the condensation and c~ after. 
If conditions prior to the fronts: c . , v . , p . , and h. are known, then 
the conditions following them can be found from 
c l / v l = V v 2 
— ( c 2 - c f ) = P | - p 2 
2 2 
^•4* - \ + T - h2 =h2<v2'P2) 
which are the continuity, impulse and energy equations respectively. 
Different problems can arise when the velocity c. i s near the sound 
velocity, in which case the equation above has no solution; this lack of 
solution might be caused by the simple one-dimensional theory of the 
phenomenon. 
The overall calculation results in an entropy increase, or an efficiency 
loss . 
3 . 3 . Jet Deflection 
In the last stages of the low-pressure turbine the velocity of the two-
phase mixture i s often greater than the sound velocity of the particular 
pressure. Accordingly, the nozzle and blade should be of the convergent-
divergent type to be able to deal with so large an expansion beyond the 
critical pressure. Because of problems in the manufacture of convergent-
divergent nozzle and blades, only convergent types are usually used. This 
leads to the phenomenon of jet deflection, illustrated in fig. 3.3a for a nozzle 
- 22 -
If the pressure p. i s greater than the critical pressure p the jet will 
issue at an angle a. equal to the tangent to the camber line at the end of 
the profile. If the pressure p. is less than the critical pressure p , the 
jet will issue at an angle a' greater than a. . This angle o' can be 
determined by the continuity equation. Assuming critical pressure and 
velocity at the throat AB, we find 
AB • c c • J - = DE • c, • J -
or 
'c ' '1 
C V, 
C 1 sina', = sina, * — • — 1 1 c, v i c 
'/ - « & . i, c c f *iv'c, sentropic 
where c is the critical velocity at the throat AB, or similar to the sound 
velocity in the two-phase mixture determined by p and v with v equal 
to the specific volume of the mixture, 
c. is the velocity at DE and v. the specific volume. The expansion 
from p to p. thus takes place within ABDA. Knowing v- and c . , the 
critical conditions at the throat can be determined by means of the con-
tinuity equation, and then the jet deflection angle a*, can be calculated. 
With this new a', a new value of c. is calculated by returning to the blade 
row downstream with a. = a'.; this iteration is continued until Cj gives 
the same value in two successive calculations. 
This procedure i s used in the model whenever the flow in a turbine 
stage is supersonic. 
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4. MODEL OF THE MOISTURE SEPARATOR 
The purpose of the moisture separator is to separa te the water droplets 
formed during the expansion through the high-pressure turbine from the 
steam before this enters the low-pressure turbine. Separation is normally 
carr ied out by forcing the s team-water mixing to follow a cyclone path, or 
zigzag path, where the centrifugal force thus separa tes the water droplets. 
This water drain is then led to one of the feedwater hea te r s . 
A mass balance is used to describe this separator , together with the 
known values of enthalpy and entropy from the h igh-pressure turbine outlet 
and the assumption of no pressure drop across the separa tor . This means 
that it can be treated in the same manner as the mois ture t rap model 
mentioned earl ier , but with much higher efficiency pa ramete r s . 
In a Mollier diagram the moisture separator means an increase in 
steam quality from approximately 0.88 
Fig. 4. a. Mollier diagram showing the effect of a moisture separator. 
at the high-pressure turbine outlet A to almost 1.0 at B, see figure 4, a. 
The drain from the moisture separator is led to one of the low-pressure 
feedwater hea ters . 
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5. MODEL OF THE REHEATER 
In order to improve the thermal efficiency of the power plant, and to 
reduce the mechanical losses in the low-pressure turbine, a reheater i s 
usually placed between the moisture separator and the low-pressure turbine. 
•« 
SUPERHEATED STEAM 
HEATING STEAM / \ / \ / \ pRA|H j p FEEOWATE 
m. 1 
h. T 
F D T R HEATER 
STEAM FROM MOISTURE SEPARATOR 
Fig. 5. a. Illustration of a single-stage reheater. 
The heating steam from the reactor flows in U-pipe bundles and enters 
with an enthalpy of h ; by condensation the heat is transferred to the 
steam proceeding from the moisture separator at constant pressure. This 
steam flows in a transverse direction to the heating steam, fig. 5. a. The 
drain from the heating steam is led to one of the high-pressure feedwater 
heaters. 
For steady-state conditions a simple energy balance is used where 
m (h 
P gP 
h, ) = fp' m <h„c - h ) , s' gs s' ' 
h is the enthalpy of the steam from the reactor at system pressure, h, 
is the enthalpy of water at reactor system pressure, h is the enthalpy of 
steam at the exit of the moisture separator, and h i s the enthalpy of the 
super«heated steam taken at the required reheat temperature and pressure. 
With all these quantities known, together with the mass flow rate m from 
the separator, one can calculate the flow rate m required of the heating 
steam from the reactor. 
The reheater may be built as a two-stage unit and this factor is included 
in the model. The heating steam in the first stage i s then taken from an 
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extraction point upstream of the high-pressure turbine outlet, and the 
second-stage steam is taken directly from the reactor. 
In the Mollier diagram, fig. 5. b, the influence of the reheater appears 
as an enthalpy move along the line BC at constant pressure. 
Pi P? P3 P* Ps Pi P-. 
Fig. 5. b. Mollier diagram showing the effect ot a reheater. 
The moisture separator and reheater are often combined in one unit. 
An example of this is shown in fig. 5. c taken from ref. 4 . The cycle steam 
from the high-pressure turbine is here forced through chevrons where the 
droplets are removed and pressed across the U-bundles with the heating 
steam. 
The pressure drop from the high-pressure turbine exit through the 
moisture separator and reneater to the low pressure turbine entrance i s 
very difficult to determine due to the complicated flow path. On the other 
hand, it has much influence on the overall efficiency of the plant, which will 
be shown later. 
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Fig. 5. c. Model at a combined moisture separator - rehealer 
Due to these difficulties it is assumed that the pressure drop can be 
written as 
2 2 
' / 2 " Ptwo-phase ' PHP ' CHP " ' / 2 R s phase " P L P C L P 
where the steam density p„p and the velocity c „ p are taken at the HP-
turbine exit and p.
 p , c. „ at the LP-turbine 
R . must be determined experimentally. 
 _ , ,    entrance; R. . and 
LP' LP two-phase 
6. MODEL OF THE CONDENSER 
The condenser is treated as a large chamber capable of condensing all 
the steam coming from the low-pressure turbine. A mixing chamber i s 
further assumed in the condenser in which the drain from the feedwater 
cascade and the condensed steam from the low-pressure turbine are mixed. 
The outlet temperature of the water from this mixing chamber is calculated 
as 
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T m D C , i ' T DC,o * m L P , o ' TCON 
where m „ „ . and T n ^ are the mass flow rate and the temperature of DC, i DC, o . r 
the drain from the feedwater cascade, mT n the mass flow rate at outlet 
LP, o 
of the low-pressure turbine, and T r O N the temperature of the shell side 
of the condenser. 
The secondary side of the condenser is not taken into account in this 
model where only the primary flow path is considered. 
7. FEEDWATER HEATERS 
T c In order to improve the Carnot efficiency of the plant tj = 1 - -»p— , c l R 
where TR is the average temperature in the reactor and T the tem-
perature in the condenser, feedwater heaters are used. These increase 
the temperature of the feedwater before it enters the reactor, and then 
increase the average temperature T R of the coolant in the reactor. 
A sketch of the feedwater heater model used is shown in fig. 7. a. 
STEAM FROM 
TURBINE 
I 
^ VAPOR SPACE 
— v-*c—r 
FROM PREVIOUS 
DRAIN COOLER 
FEEDWATER OUT 
fe ' - E FEEDWATER IN 
* - •• * DRAINCOOLANT 
OUT 
Fig. 7. a. Feedwater heater with drain cooler. 
The feedwater first enters the drain cooler part and then proceeds to 
the condensing part. The extraction steam from the turbine condenses on 
the feedwater pipes and then drops to the bottom of the feedwater heaters 
forming the drain cooler part of the heater. The drain cooler part is 
further fed with the drain from previous feedwaters. The cascade appears 
as follows: 
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STEAM FROM 
TURBINE i 
STEAM FROM 
TURBINE 
1 
STEAM FROM 
TURBINE 
Fig. 7. b. Feedwater heater cascade. 
The pressure in the condenser part is determined by the pressure at 
the extraction point of the turbine with a little pressure drop to the feed-
water heater. This pressure drop is assumed to be 8% of the extraction 
pressure for high-pressure heaters and 5% for low-pressure heaters 
(these values are taken from ref. 5). 
7 .1 . Energy Balance for a Feedwater Heater 
<*-FW 'FW.i 
m. 
oc. o 
i 
DC.« 
Fig. 7 .1 . a. Sketch of a feedwater heater with mass flow rate« for setting 
up the energy equation. 
Fig. 7 .1 . a shows a feed water heater with drain cooler where 
m EX 
m FW 
m DC, i 
is the mass flow rate of extraction steam from the turbine 
i s the mass flow rate of feedwater 
is the inlet mass flow rate of drain to the drain cooler 
m DC o i s t h e o u t * e t m a B f l How r a t e of drain from the drain cooler 
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m O D 
T 
P E X 
T 
T x F W . i 
T 1 F W , o 
TDC, i 
T 
XDC, o 
i s the drain from reheater and moisture separa tor and 
internal water extraction 
is the tempera ture of m O D 
is the p ressure on the shell side of the feedwater heater 
is the saturation temperature on the shell side 
is the feedwater tempera ture at the inlet 
is the feedwater tempera ture at the outlet 
i s the drain tempera ture at the inlet 
is the drain tempera ture at the outlet . 
The energy equation under s teady-s ta te conditions becomes 
V ™ F W ( T F W , o - T F W , i ) = " * E X ' X E X ' { Y h f ) + ™EX C p ( T E X - T D C . o) 
+ m D C . i " C D < T D C , i - T DC, o> + ™OD ' C P<TOD " T DC. o> 
where C is the specific heat capacity of water at constant p ressure , x _ x 
the steam quality at the extraction point, and h and h , the specific enthalpy 
of steam, respectively water, at extraction p re s su re . 
F rom the energy equation the m a s s flow ra te of extraction steam can 
be found if the following quantities a r e known: mass flow ra tes of feedwater, 
drain from previous heaters and drain from internal water extraction and 
possible reheater and moisture separa tor , the tempera ture of this last 
drain, the extraction p res su re and quality, and finally the two input param-
eters ATC = T E X - T „ w , called the terminal tempera ture difference at 
the outlet of the condensing part , and A T D C = T D C - T „ w A called the 
terminal tempera ture difference at the inlet of the drain cooler part. From 
ATC and *T D C the inlet and outlet temperatures can be calculated in the 
following manner: 
T = AT + T 
1 F W , o LC XEX 
T p w j - - ATC + T £ X (FWH-upstream) 
T DC, i = T F W , o + A TDC 
T DC, o * T F W , i + A TDC 
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where the direction of s t ream refers to the feedwater stream. 
Figure 7 . 1 . b shows a flow chart of the feedwater cascade calculation. 
During the turbine calculation PE X(N), X E X ' N ) « m <W N ^* T E X ^ a n d 
TQ D(N) a re determined, where N going from 1 to NFWH refers to the 
feedwater heater number. The calculation then s t a r t s at the heater neares t 
the reactor , that is number NFWH, and follows the same calculation 
procedure until heater number I . Iteration is needed with this heater 
because T F W . (1) must be equal to the mixing tempera ture of the two 
mass flow rates m.
 D „ and nip.,, (1) in the mixing chamber of the 
condenser, where mT „ is the mass flow ra te at the outlet of the L.P-
' LP, o 
turbine. The whole calculation starting with the turbine is then repeated 
and new values of P E X (N) , TE X(N) e tc . , a re obtained; this continues 
NFWITT times where NFWITT is an input parameter . 
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Fig. 7 .1 . b. Flow chart for the feedwater heater cascade calculation. 
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7.2. Heat Exchanger for District Heating 
Should the plant have steam extraction for district heating puposes, 
the model can take this into account too. The only constraint is that the 
extraction point must coincide with a feedwater extraction point in the 
following manner, fig. 7.2. a. 
STEAM FROM 
FEEØWMER TO 
REACTOR 
FWH 
( V W V V N A J - * 
n DC 
FROM PREVIOUS 
DRAIN COOLER 
t^ 
STEAM FROM TURWNE 
FWH 
I DC 
FEEOMATER FROM 
^ — CONDENSER 
HEAT EKCHAM6ER 
FORDISTRICT HEWING 
V v W W W V 
TO THE CONSUMER FROM THE CONSUMER 
Fig. 7. 2. a. The placing of a heat exchanger for district heating 
The heat exchanger for district heating is treated as the condensing 
part of a feedwater heater. When the district heating power is given, the 
required mass flow rate of the extraction steam can be calculated in the 
same way as the feedwater heaters. 
The pressure drop along the feedwater pipes has not been taken into 
account s it has little influence on the temperature of the feedwater. 
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8. FEEDWATER PUMP 
The feedwater pump can be located anywhere on the feedwater line and 
causes an enthalpy increase given by 
h2 - h1 = V2 P2 " vl Pi 
or 
V h ! S ' V1<P2 " Pl> 
where h. is the specific enthalpy of water in front of the pump, p. i s the 
p ressure in front of the pump, v. is the specific volume of water in front 
of the pump, and h^, p 2 . and Vg are the same quantities beyond the pump. 
The pump may be electrically driven or turbine driven. In the last case , 
extraction steam is taken from the reheater exit. The feedwater line often 
has two pumps; firstly a condensate pump to ra i se the p ressure from the 
condenser value to a few bar, and secondly a pump to ra ise it to reac tor 
p ressure . Here these two are combined in one unit. 
9. BYPASS LINE 
Nuclear power plants a re also provided with a bypass line from the 
reactor direct to the condenser for use in emergency situations and in 
sudden, large load reductions. Under steady-state conditions no steam 
flows through this line, and hence it is omitted in this model. 
1 0, BLOCK DIAGRAM FOR "TURBPLANT" 
A block diagram of the calculation procedure for the model is shown 
on fig. t 0. a. 
After the input is read and some initial values set, the calculation of 
the expansion through the low-pressure turbine s t a r t s . The stage neares t 
the condenser is f irst calculated and then the calculation continues through 
the NLP low-pressure s tages. The calculation is repeated until the r e -
quired reheat temperature is reached, or in the case of a non-reheat plant, 
the high-pressure turbine outlet quality. 
Following upon this the pressure in the moisture separator and rehea te r 
i s determined, and the high-pressure turbine calculation is initiated. In a 
s imilar way this begins with the last stage and proceeds to the first s tage. 
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The calculation is repeated until the required enthalpy at the HP-turbine 
inlet is reached. 
The calculation of both the L P - and the HP-turbine i s then repeated 
until the required power is reached. Whereupon the extraction flow to the 
feedwater heaters is calculated, and finally the whole procedure is r e -
peated NFWITT times to ensure cor rec t flow to the feedwater hea te r s . 
The final resul t of the calculation consists of two main pa r t s . The 
first comprises enthalpy, entropy and p re s su re at inlet and outlet to every 
nozzle row and blade row resulting in a Mollier diagram of the expansion 
through the turbines. The other main resul t is a flow diagram of the flow 
path starting at the h igh-pressure turbine proceeding through the moisture 
separa tor and possible reheater to the low-pressure turbine and condenser, 
and finally through the feedwater cascade . Mass flow ra tes at the inlet and 
outlet of these components a r e determined together with mass flow ra tes 
at the inlet and outlet of nozzle row and blade row. Mass flow ra tes of the 
extraction steam to the feedwater hea te rs and possible reheater a r e cal-
culated together with the drain from internal water extraction, mois ture 
separa tor and reheater . Finally, the mass flow ra tes in the drain coolers 
and the temperature distribution through the feedwater cascade a r e de te r -
mined together with a plant efficiency calculation. 
These two main resul ts a r e expressed in figs. 1 2. b and 1 2. c, section 
12: Testing of the Model. 
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Fig. 10. a. Block diagram for "TURBPLANT" 
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11. THERMAL PROPERTIES FOR STEAM AND WATER 
The specific enthalpy of steam and water, the specific entropy of steam 
and water, and the specific volume of steam and water together with the 
Gibbs' function for specific free enthalpy are all represented as seventh or 
eight order polynomials with saturation pressure as the independent variable. 
They are taken from ref. 6 and cover the range 0.007 bar - 145 bar with a 
relative error of less than 0.001. From the same reference, for super-
saturated conditions, are taken the specific enthalpy as function of the two 
independent variables, pressure and entropy, together with the specific 
volume as function of pressure and entropy. These two functions cover the 
range 0.01 bar - 100 bar, x ) 0. 94 with a relative error of less than 0.001. 
The specific heat capacity of water at constant pressure as a function 
of temperature is taken from ref. 7, and covers the range 0°C - 370 C 
with a relative error of less than 0. 003. 
'
rhe temperature as function of pressure and enthalpy over the saturation 
line is derived by a least squares approximation in two variables covering 
the range 1. 0 bar - 50. 0 bar, saturation - 800 C with a relative error of 
less than 0. 002. 
1 2. TESTING THE MODEL 
The model was tested against results from the Obrigheim power plant 
through a Mollier diagram for this plant, vvhich is a 300 MWe unit based on 
a pressure water reactor. This plant was chosen because most of its 
technical data, especially relating to the turbines, were available, and 
this is not the case for many other nuclear power plants. 
Table 1 shows the data for the turbine and feedwater curcuits at 
Obrigheim. 
Taktot 
Data for turbine and fecdwater circuit of the Obrigheim 300 MWe PWR plant 
High pressure turbine 
Number of HP-turbines 
Number of stages 
Nozzle angle 
Blade angle 
Blade length of first stage 
Blade length of last stage 
Pressure at inlet 
Pressure at outlet 
Low pressure turbine 
Number of LP-turbines 
Number of stages 
Nozzle angle 
Blade angle 
Blade length of first stage 
Blade length of last stage 
Pressure at inlet 
Pressure at outlet 
t double flow 
»7 
20° 
30° 
0. OBS m 
0. 265 m 
45.0 bar 
5.8 bar 
3 double flow 
11 
20° 
30° 
0. 076 m 
0. 750 m 
5. 5 bar 
0. 035 bar 
Moisture separator 
Pressure 
Efficiency 
Reheater 
5.8 bar 
0.B5 
Single stage 
Primary steam direct from steam generator 
Primary pressure 50. 0 bar 
Secondary pressure 5.5 bar 
Feedwater heater 
Number of feedwater heaters 
Number of extraction points on HP-turbine 
Number of extraction points on LP-turbine 
Reactor inlet temperature 
Reactor inlet mass flow rate 
Feedwater pump 
Electrically driven 
Placed between FWH5 and FWH4 
6 
3 
3 
203°C 
474 kg/S 
Generator 
Number of revolutions 
Gross power 
3000/min. 
300 MW 
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Figure 1 2. a shows the Mollier diagram of the Obrigheim nuclear 
power plant obtained from ref. 8, and fig. 1 2. b shows the Mollier diagram 
obtained with the model. A comparison of the two figures seems to give 
fairly good agreement. 
65 70 75 
Entropy s[kJ/kgK) 
IX) bar 
Q5bor 
*- 090 
80 
Fig. 1 2. a. Mollier diagram of Obrigheim nuclear power plant taken 
from ref. 8. 
tObor 
65 70 7.5 
Entropy s (k J/kg K) 
05bar 
x.090 
8.0 
Fig. 12,b. Molher diagram of Obrigheim obtained with "TURBPLANT". 
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Figure 1 2. c shows a flow diagram of the plant calculated by 
"TURBPLANT". Unfortunately it was not possible to obtain a similar 
flow diagram of Obrigheim with operating data, but a comparison with 
some of the data from table 1 seems to indicate that the model gives 
reasonable results. 
50« P 
""^ GsMa* ns«c 
P * FfcMBmthvl 
MS* MtisM*aapnratw 
RH i 
FWHiF« 
DC i Drain coder 
Fig. 1 2 .c . Flow diagram of Obrigheim obtained with "TLRBPLANT". 
1 3. DIFFERENT PARAMETER STUDIES MADE BY THE MODEL 
Many parameter studies can be carried out with the model, e . g . : plant 
efficiency calculations at partial load conditions, improvement of efficiency 
for a reheat plant contra a non-reheat plant, influence of condenser press -
ure on efficiency, effect of pressure drop between high pressure and low 
pressure turbines, influence of the number of feedwater heaters on the 
efficiency, and the effect of district heating, etc. 
Some of these studies are presented in the following pages. 
Figure 1 3. a shows a Mollier di gram for. a power plant with reheating, 
and fig. 1 3, b shows a Mollier diagram of the same power plant but without 
reheating. In both cases the electrical power produced was 600 MW. For 
the reheat plant the plant efficiency was calculated to 0. 3353 at nominal 
power and for the non-reheat it was calculated to o. 3314. There i s a slight 
increase in efficiency if reheating is applied. The great improvement in 
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60 65 70 75 ao 
Entropy slkJ/kgKl 
Fig. I ?. a. MoUier diagram for CM ».We nuclear power plant with reheating. 
TO 50 30 20 10 SO lObor 
60 65 70 75 6t0 
Entropy s Ik J/kg Kl 
Fig. 13. b. MoUier diagram for MO MWe nuclear power plant without 
reheating. 
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using reheating appears through a comparison of the two Mollier diagrams. 
The steam quality at the outlet of the low-pressure turbine is about 0. 90 
for reheating and 0. 85 for non-reheating. This means far less erosion of 
the blades in the last stages of a reheating plant, and since this erosion 
phenomenon leads to many stoppages of nuclear steam turbines, it is very 
important to reduce this effect. Ultimately, of course, it is a question of 
investment and paying interest on the capital needed to buy a reheater as 
against the improved operation and increased lifetime of the turbine. 
Figure 13. c shows electrical power production versus condenser 
pressure. The nominal electrical power is 600 MW corresponding to a 
thermal power of 1 800 MW, and the nominal condenser pressure is 0.035 
bar. A series of calculations were made with a constant thermal power 
of 1 800 MW and increasing condenser pressure. It is seen that electrical 
power p- duction decreases very rapidly with increasing condenser press-
ure, and at a condenser pressure of 0.1 bar the electrical power has 
decreased 8%, corresponding to a lack of expansion from 0.1 bar to 0.035 
bar in the Mollier diagram, fig. 13a. A further increase of the condenser 
pressure causes the turbine to run under counter-pressure conditions. 
5" 
£ 
o 
u 
600 
580 
* 560 
540 
520 
* 500 
LU 
<L 
Q01 Q05 0.1 Q15 
Condenser Pressure (bar) 
0.2 
Fig. 13.c. Electrical power production as function of condenser pressure, 
at a constant thermal reactor power of 1 800 MW. 
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Figure 1 3. d shows electrical power production versus the pressure 
drop between high-pressure and low-pressure turbine for constant thermal 
power from a reactor of 1 800 MW. The calculations a re made by varying 
the ear l ier mentioned quantities R t w D n a s e and R S Dhase* T h e n o m i n a l 
value is at a p ressure drop of 0. 5 bar. As seen from the curve, it is 
worth keeping this p ressure drop as small as possible. 
5 
Z 
I 
O 
u 
u 
Pressure drop [bar] 
Fig. 1 3. d. Electrical power production as function of pressure drop between 
high-pressure and low-pressure turbine at a constant thermal reactor power 
of 1 800 MW. 
Figure 1 3. e shows the influence of feedwater temperature on the 
electrical power produced at a constant thermal power of 1800 MW. It i s 
seen that the electr ical power has a maximum corresponding to a cer ta in 
value of the feedwater temperature. 
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Fig. I 3. e. Electrical power production as function of feedwater temperature 
at a constant thermal reactor power of t 800 MW. 
Figure 1 3. f shows the influence of the number of feedwater hea ters . 
The plant efficiency is here calculated at a constant hermal power of 1 800 
MW and with the optimal feedwater temperature determined from fig. 13,e 
for each value of NFWH, number of feedwater hea te r s . It is here seen 
how the efficiency increases with the number of feedwater heaters until a 
certain level beyond which the increase i s very slow. 
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Fig. 13. i. The plant efficiency a« function of the number of feedwater 
hea te r s at a constant thermal reactor power of 1 800 MW. 
These results can be explained by looking at fig. 13.g. 
Here a TVS diagram of the steam cycle is shown. AB expresses the 
pressure r i se across the feedwater pump, BDC the heating of the feedwater 
to the boiling temperature in the reactor, DE the boiling in the reactor, 
EF the expansion in the high-pressure turbine, FG the water separation 
in the moisture separator, GH the expansion through the low-pressure 
turbine, and finally HA the condensing in the condensator. 
If we assume that the feedwater enters the reactor without being 
heated in feedwater heaters, the efficiency of the plant can be expressed as: 
The area inside ABCDEFGHA divided by the area inside A1 ABCDEFGH 
H'A1. 
If the feedwater is heated to the temperature at C, the efficiency becomes 
area ICDEFGHI divided by I ICDEFGHH11 , thus an increase in efficiency. 
The point C can be placed anywhere between B and D, but the efficiency 
can be seen to have a maximum for a certain value of C corresponding to 
an optimal feedwater temperature. This is in agreement with the results 
in fig. 13.e 
A certain number of feedwater heaters are needed in order to heat the 
feedwater along the line BC. 
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The figure shows the T-S diagram for 4 heaters along F 4 , F 2 . F 2 and 
F . . The larger the number of feedwater heaters , the more exactly can the 
line C1 B1 parallel to CB be represented. Beyond a certain number of f^ed-
water heaters the improvement of approximating the line C B by increasing 
the feedwater heaters is very slow in agreement with fig. 1 3. f. 
A' 1 2 I' 3 k 5 6 
Entropy s IkJ/kgK] 
7 ^ 8 
Fig. I3.g. Temperature as function of entropy or T-S diagram of the 
•team cycle. 
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Figure 13. h shows the plant efficiency versus electr ical power for a 
600 MWe power plant. The plant efficiency is defined a s the rat io between 
electrical power production and thermal power consumed. It i s seen how 
plant efficiency decreases when the produced electr ical power i s reduced 
compared with the nominal power. 
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Fig. 1 3. h. The plant efficiency as function of electrical power production. 
There a re different parameters influencing this decrease in plant 
efficiency. When the power is reduced, the feedwater temperature is also 
reduced due to a smal ler extraction p res su re at the feedwater hea te rs . 
According to what we derived ear l ie r about an optimum feedwater tem-
perature this leads to a decrease in efficiency. 
From the Mollier diagram in fig, 13. i, which shows the expansion for 
the earlier-mentioned power plant of 600 MWe but here at half-load, 300 
MWe, and a comparison with the Mollier diagram in fig. 13, a, it can be 
seen that the steam is less wet at 300 MWe than at 600 MWe. This leads to 
smal le r losses &M caused by water droplets and thus an increase in ef-
ficiency with decreasing load. However, the losses fcp, IL, and t - a r e 
increased at partial load conditions, and thus the overall effect at part ial 
load conditions leads to a decrease in efficiency. 
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Fig. 1 3. i. Mollier diagram of a nominal 600 MWe nuclear power plant 
calculated at 30.0 JUWe. 
A considerable increase in plant efficiency is obtained when some 
steam is extracted for distr ict heating purposes; this is shown in fig. 13. j 
with plant efficiency as a function of distr ict heating power. Plant efficiency 
is here defined as; 
„ . . _ Electr ical power + District heating power 
^ " Thermal power 
The calculations a re carr ied out at a constant thermal power of 1 800 
MW and with increasing distr ict heating power. The point for extracting 
the district heating has been placed at the second stage of the low-pressure 
turbine leading to a maximum distr ict heating temperature of I 20°C. The 
value of dis t r ic t heating power used is the gross power supplied by the 
plant; losses during distribution to the consumers a re not taken into account. 
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Fig. 1 3. j . The plant efficiency ae funct-on of the district heating power 
at a constant thermal reactor power of 1800 MW. 
Figure 1 3. k shows the corresponding electrical power versus district 
heating power still at a constant thermal power from a reactor of 1800 MW. 
Extraction of steam for 300 MW of district heating, enough to cover the 
average annual heat requirements of a Danish town of about 1 50,000 in-
habitants, only causes a decrease of 50 MW in the electrical power produced. 
Normally, one would expect a decrease in electrical power of 100 MW cor-
responding to a plant efficiency of 0. 33, but due to the fact that the steam 
is allowed to expand in the high-pressure turbine and some part of the low-
pressure turbine before it i s extracted for district heating, the decrease is 
only 50 MW. 
- 49 -
__ 
£ 
•x. L. 
• 
* 
a. 
o 
o t_ 
o 
Ol 
600 
575 
550 
525 
ui 500 -
< 
100 200 300 400 
District Heating Rower |MW] 
Fig. 1 3. k. Electrical power production as function of the district heating 
power at a constant thermal reactor power of 1800 MW. 
Figure 1 3.1 further shows the net electricity efficiency versus district 
heating power. The net electricity efficiency i s here defined as electrical 
power divided by thermal power consumed minus district heating power 
produced 
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Fig. 13.1. The net electricity efficiency as function of the district heating 
power. 
It is very surprising that the net electricity efficiency increases with 
district heating power, but the reason must be that a smaller part of the 
total electricity production takes place in the last stages of the low-pressure 
turbine as the extraction for district heating is increased. Since most of 
the turbine losses occur in the last stages of the low-pressure turbine, 
this leads to an increased net electricity efficiency. 
14. DISCUSSION AND CONCLUSION 
A description was given of the one-dimensional steady-state model 
"TURBPLANT" for the thermal or conventional part of a nuclear power 
plant. Some calculations carried out with the program were presented. 
The main purpose of the steady-state model was its use in a later-
developed dynamic model (part II of this report). Experience from the 
development of this steady-state model showed that the dynamic model for 
the turbine did not need to be so detailed as here. The reason for this l ies 
chiefly in the high velocity of the steam during the expansion through the 
turbine, which makes the turbine behave almost as a quasi-steady-state 
system, even during very fast transients. Only the moisture separator and 
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reheater and extraction points for feedwater hea ters cause some time-lag 
during transients . This fact is used in the later dynamic model. 
Since considerable time was devoted to developing this s teady-state 
model, which became more detailed than necessary in order to provide the 
basis for a dynamic model, some parameter studies were presented to 
show the extent of the applicability of the model. 
The most interesting result from these studies is the fact that a con-
siderable increase in plant efficiency is achieved when some steam i s 
extracted for district heating purposes. Usually conventional power plants 
with combined heat production and electricity production have a special 
counter-pressure turbine for district heating purposes, but this study has 
shown that even with a turbine normally designed for condensing operation, 
a large increase in efficiency can be obtained. 
One of the disadvantages of the model is its need for a ra ther detailed 
description of the technical data relating to the turbine. In practice it was 
very difficult to obtain these data, especially the angles for nozzle and 
blade. Nevertheless, where these data were available, the test against 
the Obrigheim power plant proved that the model seems to give reasonable 
resul ts . 
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